Phase equilibria of solid phases in the Co-W system were investigated using two-phase alloys and the diffusion couple technique. In addition, systematic studies of magnetic and martensitic transitions were conducted by Differential Scanning Calorimetry (DSC), Vibrating Sample Magnetomety (VSM) and dilatometric measurement. Phase separation into ferromagnetic Co and paramagnetic Co was confirmed on the Co-rich side. The Curie temperature and saturation magnetization decreased with increasing W content and vanished at around 25 at%W. Furthermore, thermodynamic assessment by the CALPHAD approach was performed. A set of thermodynamic values describing the Gibbs energy of the Co-W system was in good agreement with the experimental phase diagram. Calculation of metastable magnetically induced phase separation in the hcp phase along the Curie temperature was also performed.
Introduction
The Co-W binary system is an important constituent system of Co-base superalloys and hard metals. In addition, Co-W alloy thin film has recently been studied for use as a new magnetic recording medium. 1) Co-Cr based spattered film is the material for currently used magnetic recording media, such film consists of para-and ferro-magnetic HCP phases, and fine precipitates of a Co-rich ferromagnetic phase are dispersed in a Cr-rich paramagnetic matrix. This compositional fluctuation is one of the reasons for excellent recording properties such as high coercivity and low noise properties.
2) It is considered that this compositional modulation is due to a magnetically induced phase separation along the Curie temperature in the Co-Cr phase diagram, which has been confirmed experimentally by Oikawa et al. 3, 4) Thermodynamic calculations based on the CALPHAD (Calculation Phase Diagrams) method have also been conducted to elucidate the relation between the effect of the additive elements on the phase stabilities and the magnetic recording characteristics. [5] [6] [7] [8] [9] [10] Recently, new materials with large magnetic anisotropy are required to achieve higher recording densities. The Co-W system has been reported to have large magnetic anisotropy 11) and magnetically induced phase separation similar to the Co-Cr system as shown by thermodynamic calculation. 12, 13) Therefore, Co-W sputtered film has been proposed as a new candidate for recording media. 14) However, the magnetically induced phase separation of the Co-W system has not yet been experimentally confirmed. In the present study, an attempt was made to obtain a direct evidence of the presence of a ferromagnetic and paramagnetic phase separation by using the diffusion couple technique, which could successfully confirm presence of a miscibility gap in the Co-Cr system. 4) In addition, a systematic investigation of the phase equilibria between the solid phases was carried out together with measurements of Curie temperatures and martensitic transition temperatures. Thermodynamic assessment was also conducted based on new experimental data and previous obtained data.
Phase Diagram and Thermodynamic Data
The Co-W binary phase diagram compiled in the binary phase diagrams of ASM international 15) has been assessed by Naidu et al. 16) In this system, the liquid, Co(FCC), "Co(HCP), (D0 19 ), (D8 5 ) and W(BCC) phases are stable. Several experimental studies on the liquidus and solidus in the Co-rich portion have been carried out by thermal analysis. [17] [18] [19] The results of these studies are comparable in that the liquidus of Co shows a maximum temperature of about 10 at%W, the liquid phase decomposes to the Co and phases by eutectic reaction at about 21 at%W, and peritectic reaction occurs to form the phase at about 48 at%W. Recently, Gabriel et al. 20) reported more accurate data focusing on the effect of impurities such as C and S, which agree well with the former phase diagrams. [17] [18] [19] The solubility of W in Co has been determined by electric resistance, 18) thermal expansion, 21) X-ray diffraction and electron probe microanalyzer (EPMA). 22) These results are consistent with each other, though they contain some discrepancies in the lower temperature region. Takayama et al. 22) indicated that the magnetic transition in Co affects the solubility limit of the Co phase. A few data on the , , and W phases has also been reported. [20] [21] [22] Köster and Tonn, 23) Hashimoto, 19) and Efimova et al. 24) have determined the Curie temperature using a magnetic balance. Their results show that the Curie temperature drastically decreases with increasing W content.
With regard to the thermodynamic data, there are no data in the literature except the Gibbs energy data estimated by electromotive energy measurements by Rezukhina and Kashina. 25) Pioneering work of thermodynamic assessment of this system was performed by Kaufman and Nesor, 26) and later by Gabriel et al. 20) and Fernandez Guillermet.
12)
3. Experimental Procedure
Specimen preparation
Alloys with different compositions of Co-(3, 5, 10, 12, 14, 16, 55) at%W labeled as 3 W, 5 W, 10 W, 12 W, 14 W, 16 W, and 55 W, respectively, were prepared by arc melting using high purity Co (99.9%) and W (99.9%) under an argon atmosphere. They were melted more than five times to obtain homogeneous ingots.
Heat treatment
Small pieces of specimens were cut from the alloy ingots. These specimens were wrapped in molybdenum foil and sealed in quartz capsules evacuated and backfilled with argon gas, then solution treated at 1623 K for 24 h, followed by quenching in ice water. The compositions of 5 W and 16 W alloys after solution treatment were chemically analyzed by atomic absorption spectrometry. Their compositions were 4.8 and 15.8 at%W, respectively and which agreed quite well with the charged value. These specimens were used as standard samples to calibrate the compositions obtained by EPMA.
The 10 W, 16 W, and 55 W alloys were then resealed in quartz capsules and equilibrated at 1173-1623 K for 15-336 h. After the heat treatment, specimens were quenched in ice water and were mechanically polished to observe the microstructure. Equilibrium compositions of the two-phase alloys were determined by EPMA.
Diffusion couples (DCs) were prepared to confirm the magnetically induced phase separation in the Co. Solution treated pure Co and 10 W alloy specimens were welded together using a clamp consisting of Mo bolts and nuts of stainless steel in evacuated quartz capsules at 1273 K for 2 h. Diffusion couples were then sealed in the quartz capsule and equilibrated at 1183 and 1173 K. After quenching, cross sections of these DC specimens were polished and composition-penetration curves were obtained by EPMA.
Measurement of physical properties
The Compositional dependence of Curie temperature (T c ) and saturation magnetization (I s ) of Co and "Co were investigated by vibrating sample magnetomety (VSM) where the heating and cooling rates were 1 K/min and T c was defined as a minimum point in the plot of the temperature derivative of magnetization (dM=dT). I s was determined by the magnetization curve (M-H curve) measured at 83 K and 293 K with an applied magnetic field strength of 1.6 MA/m. In the case of 3 W and 5 W alloys, T c was determined by dilatometric (DL) measurement and differential scanning calorimetry (DSC) because the T c of these alloys was high where the present VSM facility was not available. The DL and DSC measurements were performed at heating and cooling rates of 10 K/min under an argon atmosphere.
Martensitic transition temperature (M s ) and reverse transition temperature (A s and A f ) between the Co parent and "Co martensite phases were also detected by dilatometer. The density of each as-quenched specimen was determined using Archimedes' principal. Figure 1 shows the optical micrographs of as-quenched 3 W and 10 W alloys at room temperature. Martensitic microstructures with a high density of twins were observed in both specimens. The 3 W and 5 W alloys show the similar microstructure as pure Co as shown in Fig. 1(a) .
Results and Discussion

Microstructure
27) The 10 W and 12 W alloys exhibit a thin plate-like structure at high magnification as shown in Fig. 1(c) .
Figure 2(a) shows the optical micrograph of the asquenched 14 W alloy, in which the martensitic microstructure is not observed. As shown in Fig. 2(b) , however, the same specimen cooled in liquid nitrogen has a martensite microstructure. This means that the martensitic transition start temperature, The back-scattering electron image (BEI) of the 55 W alloy annealed at 1623 K represents the two-phase microstructure as shown in Fig. 3 . Similar microstructures were observed in all 55 W specimens annealed at different temperature ranging from 1173 to 1623 K. The phase precipitated in the W phase, which is too fine to measure the chemical composition accurately. All the phase equilibrium data are summarized in Table 1 .
Diffusion couples
The BEI of the Co/10 W DC specimen annealed at 1183 K is shown in Fig. 4(a) . The plate-like phase is formed in the 10 W specimen, and the martensitic structure in the pure Co side is observed. Near the diffusion zone, the contrast corresponding to the W content gradually changes, and a slight step of contrast exists as shown by arrows in Fig. 4(a) . The concentration-penetration curve measured by EPMA along the dashed line in Fig. 4 (a) is shown in Fig. 4(b) , where an obvious composition step is observed corresponding to the boundary with the contrast step in the BEI. From the results of T c measurement, the regions to the left and right of the boundary are in ferromagnetic and paramagnetic states, respectively. Therefore, this compositional gap results from the magnetically induced phase separation into the ferromagnetic (Co ferro ) and paramagnetic (Co para ) phases along the Curie temperature as predicted by the thermodynamic calculation. 12, 14) The microstructure of the DC annealed at 1173 K is very similar to that of the DC annealed at 1183 K as shown in Fig. 5(a) . However, the concentration-penetration curve is quite different as shown in Fig. 5(b) , in which W content continuously changes and no compositional gap is observed in the Co region. The composition near the Co + two- Experimental Verification of Magnetically Induced Phase Separation in Co Phase and Thermodynamic Calculations of Phase Equilibriaphase microstructure region is close to the solubility of Co ferro obtained from the 10 W bulk specimen. This fact indicates that two-phase separation into the ferromagnetic and paramagnetic phases in the Co does not occur and that the Co ferro is directly equilibrated with phases at this temperature. These results suggest that an eutectoid reaction, Co para ! Co ferro þ is located between 1173 and 1183 K. The phase equilibrium data obtained by the DC examination are also listed in Table 1 . Figure 6 shows the thermal expansion curve obtained from the as-quenched 3 W, 5 W, and 10 W alloys. An anomaly in the thermal expansion curve accompanying the martensitic reverse transition is observed around 1033 and 1113 K in the 3 W and 5 W alloys, respectively, while the 10 W alloy does not show such an anomaly up to 1500 K. Köster and Tonn, 23) Hashimoto, 19) and Krajewski et al. 28) reported that the martensitic reverse transition temperature increases with increasing W content. Therefore, the martensitic reverse transition temperature of the 10 W alloy is speculated to be higher than 1500 K. On the other hand, no obvious change is detected corresponding to the martensitic transition in the cooling process.
Martensitic and magnetic transitions
The magnetization-temperature (M-T) curves obtained from the as-quenched specimens from the 10 W to 16 W alloys are shown in Fig. 7(a) . The value of T c decreases with increasing W content, where the 10 W and 12 W alloys are in the "Co phase and the 14 W and 16 W allows are in the Co phase as shown by the results of the thermal expansion curves and the microstructures. In the case of the 10 W alloy, a small magnetization change is also detected around 800 K. This change may correspond to the T c of the retained Co phase as shown in Fig. 2(b) . The M-T curve from liquid nitrogen temperature to room temperature in an applied magnetic field of 12 MA/m in the 3 W alloy is shown in Fig. 7(b) . A sudden increase of magnetization at around 200 K is detected, although this kind of change does not appear in the other alloys. Since the reverse transition of the 3 W alloy occur at 1033 K, this magnetization change may be closely related to some change in the "Co state. Although the crystalline structure of the martensitic "Co phase of the Co-W alloys is considered as the HCP structure in many reports, a slight amount of 3R layered structure has also been confirmed by high resolution transmission electron microscopy (HR-TEM). 29) Therefore, there is a possibility that this magnetization change is brought about by a further structural change in the " martensitic state.
The reverse martensitic transition start and finish temperatures, A s , A f , T c , and I s are plotted as a function of the W content in Fig. 8 and summarized in Table 2 . A s and A f increase with increasing W content, which is the same trend as the results of Köster and Tonn, 23) Hashimoto, 19) and Krajewski et al., 28) although their data are a little lower than the present results. In addition, the value of M s is speculated to decrease with increasing W content. The martensitic microstructure was observed in the 12 W alloy, which suggests that the M s of the 12 W alloy is higher than room temperature. This result is different from the data reported by Hashimoto, 19) which may be due to impurity elements. T c decreases with increasing W content as shown in Fig. 8(b) . In the present investigation, T c of the Co and "Co phases could be distinguished on the basis of the results of VSM, thermal dilatomety and microstructural examination. The Curie temperature of the "Co phase is higher than that of the Co phase, which is similar to that in the Co-Cr system.
4) The I s data at 83 and 298 K monotonously decrease with increasing W content as shown in Fig. 8(c) . This trend is comparable to the data of Buschow et al. 30) It is also seen that the value of I s is independent of the crystal structure of the Co and "Co phases. The spontaneous magnetization fade out at around 25 at%W by extrapolating the results at 83 K.
The phase diagram determined by the present investigation is shown in Fig. 9 compared with the conventional phase diagram assessed by Naidu et al. 16) The magnetically induced phase separation of Co ferro + Co para is confirmed to form along the T c line and the solubility of W in Co is lower than that of the previous phase diagram in the high temperature region. In addition, the width of the phase region is slightly narrowed with decreasing temperature. 
Thermodynamic Calculation of Phase Diagram
The thermodynamic models used in the present work are the same as those previously used by Fernandez Guillermet, 12) except for the phase. He applied the compound three sub-lattice model for the phase, where the first sublattice is occupied by Co atoms, the second sub-lattice by W and the third sub-lattice by Co and W as represented by Co 7 W 2 (Co,W) 4 . In the present study, the first sub-lattice is modeled as being occupied by both Co and W as represented by (Co,W) 7 W 2 (Co,W) 4 . More details of the thermodynamic model are described in the Appendix.
Thermodynamic assessment was conducted using the present experimental results and the available data on the liquid 20) and solid phase equilibria. 20, 22) The thermodynamic parameters of "Co were evaluated from the phase equilibrium data of the Co-Cr-W ternary system. 31) The lattice stability parameters of pure Co and W were taken from the Scientific Group Thermodata Europe (SGTE) data. 32) Thermodynamic calculation was conducted using Thermo-Calc software, 33) where the parameters utilized in the present calculation are listed in Table 3 .
The calculated Co-W binary phase diagram including the experimental results 17, 18, 20, 22) is shown in Fig. 10(a) . The calculated results are in good agreement with most of the experimental data. Figure 10 Table 3 Thermodynamic parameters for Co-W system.
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phases with dashed and dotted lines, respectively. Takayama et al. 22) discussed the magnetic contribution to the solubility of the Co phase. The calculated and experimental 18, 21, 22) solubility data of the Co phase are shown in Fig. 10(c) , where the solid and dash-dotted lines are the calculated solubilities of the Co phase with and without the magnetic contribution, respectively. The calculated solubility of the hypothetical paramagnetic Co phase shows an almost straight line in the Arrhenius plot, while the calculated solubility of the equilibrium state is drastically changed in the vicinity of the T c , which suggests that the magnetic transition has a significant effect on the solubility of the Co phase. In addition, the deviation from the solubility of the hypothetical paramagnetic Co phase begins slightly higher than T c . This means that the short-range magnetic ordering of the spin moment also affects the solubility of the Co phase. Figure 11 shows the calculated results on the thermodynamic properties of the Co-W system. The activity of W exhibits positive deviation as shown in Fig. 11(a) , and the activity of Co drastically changes in and W phases, while those in the Co and phases show only a small change. Figure 11(b) shows the calculated Gibbs energy of formation G f compared with the experimental data estimated by Rezukhina and Kashina. 25) The calculated results are in agreement with the experimental data in the Co-rich region, Experimental Verification of Magnetically Induced Phase Separation in Co Phase and Thermodynamic Calculations of Phase Equilibriawhile the calculated formation energy of the and phases is more stable than that of the experimental data.
Conclusions
The solid phase equilibria and the magnetic and martensitic transition temperatures were systematically investigated, and thermodynamic assessment by the CALPHAD approach was carried out in the whole range of the Co-W phase diagram. The obtained results are as follows.
(1) Experimental evidence of the magnetically induced phase separation of Co was obtained by the diffusion couple method. In addition, the solubility of Co and the homogeneity range of the phase were determined using some two-phase alloys. (2) The Curie temperatures and the saturation magnetizations of the Co and "Co phases decrease with increasing W content, and fade out at around 25 at%W. (3) The phase diagram of the Co-W binary system, including the metastable phase separation induced along the Curie temperature, and the contribution of the magnetic transition to the W solubility of the Co phase were calculated by a set of thermodynamic parameters assessed in this study. transition temperature and the Bohr magneton number of pure Co and W, respectively. p is the constant given by 0.28 for FCC and HCP metals and 0.4 is that for BCC metals.
The phase is described by the compound energy model with three sub-lattice, which is represented as (Co,W) 7 The value of ÁG is evaluated in the present assessment.
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